Background: Dual-control modes of ventilation adapt the pressure delivery to keep a volume target in response to changes in respiratory mechanics, but they may respond poorly to changes in ventilatory demand. Adaptive support ventilation (ASV), a complex minute volume-targeted pressure-regulated ventilation, was compared to adaptive pressure ventilation (APV), a dual-mode in which the pressure level is adjusted to deliver a preset tidal volume, and to pressure support ventilation (PSV) when facing an increase in ventilatory demand.
VOLUME-TARGETED pressure-regulated modes of ventilation control tidal volumes (VT) through variable levels of pressure and are referred to as dual-control modes. 1 A target VT is achieved by regulating the inspiratory airway pressure (PINSP) in a so-called negative closed loop, e.g., if the patient's VT is above the optimal VT, PINSP is reduced and vice versa. A recent study found that in cases of increased respiratory demand above the set target, a reduction in PINSP is obtained with subsequent potentially harmful increase in respiratory muscle effort. 2 This is a major drawback of these modes, which may adapt adequately to changes in respiratory mechanics but adapt poorly to changes in respiratory demand. [1] [2] [3] [4] Adaptive support ventilation (ASV) is a more complex mode (table 1) recently approved by the Food and Drug Administration and provides automatic ventilation in which minute volume (MV) is controlled through a VTrespiratory rate (RR) combination based on respiratory mechanics. In patients unable to trigger a breath (passive or paralyzed patients), the ventilator generates a pressure-controlled breath, automatically adjusting inspiratory pressure and timing to achieve the target VT and RR. The target VT-RR combination is based on the Otis equation, which determines an RR that minimizes work of inspiration for a clinician-set MV on the basis of the time constant of the respiratory system. 5, 6 The time constant can be estimated on a breath-by-breath basis by the expiratory time constant (RCEXP) obtained from the expiratory flow-volume curve. 6 -8 In patients able to trigger a breath (active patients), the ventilator generates pressure support breaths, automatically adjusting PINSP to achieve the target VT, and it delivers additional pressure-controlled breaths if the patient's RR is below the target RR. 9 -11 The usual patient response to an increased VT is a decrease in RR, and vice versa. Thus, the RR is usually also indirectly modified by the ventilatory setting, although not strictly controlled. Considering actively breathing patients ASV is adjusting the PINSP like a dual-control mode; in case of increased respiratory demand, a similar response could be expected (table 1) . Conversely, ASV is more sophisticated than a "simple" dual mode, because of the moving RR-VT target according to change in respiratory mechanics, 9, 10 because of the control of MV that prevents alveolar hypoventilation, and because of a set of rules designed to avoid dead space ventilation, risk of barotraumas, or excessive dynamic hyperinflation. The target VT is defined by the clinician-set MV and the calculated time constant. The patient-desired MV is not part of the loop. Time constant is monitored continuously, and a change in MV can by itself induce a change in the time constant and subsequently in the target VT.
In conventional pressure support ventilation (PSV), which is largely used in mechanically ventilated patients during weaning, the level of assistance delivered by the ventilator remains fixed regardless of the ventilatory demand of the patient (increase or decrease in minute ventilation and/or inspiratory effort) 1, 4 (table 1) . We therefore designed the current study to compare ASV to a simple dual mode of ventilation (adaptive pressure ventilation [APV]) and to PSV in a group of mechanically ventilated patients whose respiratory demand was artificially increased.
The a priori hypothesis was that in case of increased respiratory demand, the level of support may be decreased with APV but not (or not systematically) with ASV and not with PSV. This work has been presented previously in abstract form. 12
Material and Methods

Patients
Fourteen patients were prospectively enrolled. They had been on mechanical ventilation via an endotracheal tube for more than 48 h and were ventilated with PSV levels of 10 to 20 cm H 2 O above 5 cm H 2 O of positive end-expiratory pressure (PEEP). The following exclusion criteria were used: coma or need for sedation, contraindication to eso-gastric catheter insertion, hemoglobin level below 8 g/dl, body temperature above 38.5°C, and poor tolerance of PSV defined either as a RR greater than 30 breaths/min and VT lower than 6 ml/kg or visible use of the accessory inspiratory muscles.
The experimental protocol was approved by the Ethics Committee of the Saint-Eloi Teaching Hospital (Comité Consultatif des Personnes Participants à la Recherche Biomédicale Montpellier, France), and written informed consent was provided by patients or next of kin.
General Ventilatory Settings
The three ventilatory modes (PSV, APV, and ASV) were delivered by the same ventilator (Galileo; Hamilton Medical AG, Rhazuns, Switzerland) and were set to match similar MV. The rise time (50 ms), flow trigger (5 l/min), and expiratory trigger sensitivity (50%) were identical with the three modes. In half of the patients, however, the expiratory trigger sensitivity in APV was set at 25% and not 50% like in ASV and PSV. The extrinsic PEEP level was set at 5 cm H 2 O and kept constant throughout the study, and FIO 2 was set to achieve oxygen saturation greater than 95%. The main characteristics of the three ventilatory modes and their differences are summarized intable 1.
Pressure Support Ventilation (PSV)
Before randomization in one of the three ventilatory modes, PSV was applied first for 5 min to allow determination of the inspiratory pressure level that achieved a VT between 6 and 8 ml/kg of predicted body weight with an RR between 20 and 30 breaths/min; the resulting values of VT were used to set APV, and the resulting values for minute ventilation were used to set ASV.
Adaptive Support Ventilation ASV has been fully described in previous papers. 9, 11, 13 At the onset of mechanical ventilation, the ventilator delivers three test breaths, during which RCEXP is determined from the expiratory flow volume curve. 7,8,14 MV For ASV mode, breath can be controlled or assisted. For PSV and APV, each breath is assisted, i.e., patient-triggered and supported; respiratory rate, inspiratory time, and flow are variable and controlled by the patient. For the three modes, inspiratory flow is variable and decelerating. The following setting parameters are similar for the three modes when breaths are assisted: inspiratory and expiratory triggers, rise time, PEEP, and inspired oxygen fraction.
APV ϭ adaptive pressure ventilation; ASV ϭ adaptive support ventilation; PEEP ϭ positive end-expiratory pressure; PSV ϭ pressure support ventilation.
is set by the clinician and controlled through a VT-RR combination based on the breath-by-breath estimation of RCEXP, 7, 8, 14 according to the minimal work of breathing concept developed by Otis. 6 Subsequently and on a breath-by-breath basis, two simultaneous closed loops continuously regulate (1) PINSP to achieve the target VT and (2) inspiratory and expiratory times to achieve the target RR in passive patients and in active patients when the patient's rate is below the target RR.
To avoid extreme and potentially dangerous values of VT and RR, ASV uses on a breath-by-breath basis a safety window for target VT and RR values. The minimal target VT is defined as twice the anatomical dead space estimated from the predicted body weight. The maximal target VT is defined as the maximal clinician-set pressure times the dynamic compliance of the total respiratory system. The minimal value for the target RR is 5 breaths/ min, which is used in the present study to avoid controlled breaths. All the evaluated breaths were patienttriggered in the current study during all six periods of the study. The maximal value for the target RR is defined as the ratio 20/RCEXP.
Adaptive Pressure Ventilation
APV is a pressure-controlled mode that starts by determining the patient's volume/pressure response on a sequence of three test breaths, volume/pressure being defined as: VT/(peak pressure -extrinsic PEEP). According to the volume/pressure value, the lowest PINSP to be applied to achieve the targeted VT is calculated. The minimal PINSP is 5 cm H 2 O above extrinsic PEEP. The adaptive controller compares the monitored VT to the targeted VT and if the patient's actual VT is higher or lower than the target volume, PINSP is gradually adjusted (by 2 cm H 2 O steps) down to extrinsic PEEP ϩ 5 cm H 2 O and up to high-pressure alarm limit minus 10 cm H 2 O. As with PSV, the patient controls the RR, inspiratory time, and flow.
Protocol and Increase in Ventilatory Demand
A protocol similar to a previously reported protocol 2 has been used. The effects of PSV, APV, and ASV given in a random order were assessed during a 20-min baseline period (dead space off) followed by a 20-min period adding a heat-and-moisture exchanger representing a dead space of 100 ml between the endotracheal tube and the Y-piece of the ventilatory circuit (dead space on). The values of VT and minute ventilation obtained before randomization in PSV mode, in which inspiratory pressure was set to achieve a VT between 6 and 8 ml/kg of predicted body weight with an RR between 20 and 30 breaths/min, were used to set the selected minute ventilation in ASV and the desired VT in APV. We also tried to refine the settings in baseline condition for ASV and APV modes (dead space off) on a case-by-case basis in such a way that esophageal pressure (PES) and/or transdiaphragmatic pressure swings were approximately of the same magnitude in PSV mode (dead space off). 15 
Measurements
All measurements were performed during the last 5 min of the three ventilatory modes that were randomized with dead space on and off for each, i.e., six following study periods: PSV-dead space off, PSV-dead space on, APV-dead space off, APV-dead space on, ASV-dead space off, ASV-dead space on. The air flow rate was measured using a heated and calibrated pneumotachograph (Fleisch #1; Fleisch, Lausanne, Switzerland) that was linear over the experimental flow range. Airway pressure was measured close to the pneumotachograph by using a differential pressure transducer (MP45, Ϯ100 cm H 2 O; Validyne, Northridge, CA). PES and gastric pressure (PGA) were measured using a double balloon catheter (Marquat, Boissy-Saint-Léger, France) inserted through a nostril after topical anesthesia and then advanced until the distal and proximal balloons were in the stomach and midesophagus, respectively. Each balloon was filled with 0.5-1 ml of air, and the catheter connected to its own differential pressure transducer (MP45, Ϯ100 cm H 2 O; Validyne). Placement of the esophageal balloon was assessed using the airway occlusion test 16 , and placement of the gastric balloon was assessed by checking that smooth manual pressure on the abdomen produced PGA fluctuations and that swallowing produced a sharp PES peak related to esophageal contraction with no PGA peak. 17 Transdiaphragmatic pressure was obtained by subtracting the PES signal from the PGA signal (transdiaphragmatic pressure ϭ PGA-PES). Flow and pressure signals were digitized at 128 Hz and sampled using an analog-to-digital converter system (MP100; BIOPAC Systems, Santa Barbara, CA). After elimination of artifacts caused by coughing or esophageal spasms, 15-20 consecutive breaths were used to compute mean values. VT was computed by integration of the flow signal, and RR, inspiratory and expiratory times, duty cycle, and mean inspiratory flow rate were determined from the flow signal. Minute ventilation was calculated as the product of VT by RR. Dynamic lung compliance was calculated as the ratio of mean VT to the changes in transpulmonary pressure (PES -airway pressure) during inspiration.
Data Analysis and Assessment of Patient Effort
Patient inspiratory effort was evaluated on the basis of pressure indexes and inspiratory work of breathing. The PES and transdiaphragmatic pressure swings, the PEStime product and the transdiaphragmatic pressure-time product were calculated as previously described. 15, 18 Inspiratory work of breathing was computed from PES and VT loops as previously described. 15, 18 The inspiratory work of breathing per breath was calculated from a Campbell diagram by computing the area enclosed be-tween the inspiratory PES-VT curve and the static PESvolume curve of the chest wall, using a theoretical value for chest wall compliance (4% of the predicted value for the vital capacity per cm H 2 O). Although the use of this theoretical value may result in some error, this was expected to be identical for all periods and not affecting the validity of comparisons. Inspiratory work of breathing is expressed as joules per breath as the work per volume unit (joules per liter) or as the work per time unit (joules per minute). Blood samples were obtained for arterial blood gas analysis (ABL 520 analyzer; Radiometer, Copenhagen, Denmark) at the time of respiratory measurements through a 20-gauge catheter inserted in a radial or femoral artery. Standard three-lead monitoring electrodes continuously recorded heart rate and rhythm. Systolic and diastolic arterial blood pressures were continuously monitored through the radial artery signal. Oxygen saturation was continuously monitored using pulse oxymetry.
Statistical Analysis
Values are expressed as mean Ϯ SD or median (interquartile range) according to the type of variable distribution. Data were analyzed by a multiple-way analysis of variance (MANOVA) with the ventilatory modalities as the between-groups factor, the dead space on/off, and the random order as the repeated-measures factors. When a significant F ratio was obtained, differences between the data were isolated with the post hoc Tukey multiple comparison tests. Values between dead space on and dead space off were compared using parametric or nonparametric tests according to their distribution. We also compared the increase of inspiratory effort expressed in percentage of baseline value induced by the added dead space between the three modes. Differences at the level of P Ͻ 0.05 were considered statistically significant. Statistical analysis was performed using SAS/STAT software version 8.1 (SAS Institute, Cary, NC).
Results
The etiology of respiratory failure of the 14 patients were postoperative acute respiratory failure (n ϭ 9), pulmonary infection (n ϭ 3), and acute pancreatitis (n ϭ 2). No patient was tracheotomized. For the following parameters, the values are expressed in mean Ϯ SD: age, 64 Ϯ 9 yr; height, 168 Ϯ 8 cm; weight, 72 Ϯ 14 kg; duration of mechanical ventilation, 13 Ϯ 6 days. The mean values of the main ventilatory parameters are presented in table 2, and blood gas and hemodynamic parameters are presented in table 3. None of the study parameters (ventilatory pattern, inspiratory effort, and hemodynamics) differed significantly among PSV, ASV, and APV during the baseline period (tables 2, 3, and 4). With PSV and ASV, tolerance was good during the baseline and dead-space periods in all patients. With APV, however, three patients (nos. 5, 9, and 14) experienced overt clinical respiratory distress during the dead-space period, which has to be stopped prematurely. The data for the dead-space APV period in these three patients were therefore recorded for about 5-10 min after addition of dead space.
Adding dead space significantly increased minute ventilation and PaCO 2 values with PSV, ASV, and APV (tables 2 and 3). Dead space significantly increased minute ventilation by 18%, 19% and 21% in PSV, APV and ASV respectively (table 2). In PSV, minute ventilation had been increased through a 22% increase in RR as compared to 1.2% increase in VT (table 2 and fig. 1 ) and this was also the case with APV and ASV ( fig. 2 ) but significantly more with APV as compared to PSV or ASV (P Ͻ 0.05).
Discussion
The main result of the current study is that ASV and PSV behaved differently but ended up with similar pressure levels facing acute changes in ventilatory demand resulting from the addition of a dead space. By contrast, the same increase in ventilatory demand with APV resulted in a decrease in the pressure support provided by the ventilator, which is opposite from the desired response and a much larger increase in respiratory effort than with the other modes (table 4, fig. 2 ).
Adaptive Support Ventilation
To our knowledge, this is the first study to evaluate the patient behavior and ventilator response of the ASV mode when ventilatory demand was increased by addition of dead space to the circuit. We reported in case of increase ventilatory demand that ASV is adjusting the level of ventilatory support in a way similar to PSV and that the increase of the patient's inspiratory effort was similar in both ASV and PSV.
As described in the method section and in previous publications, 10,11,19 -22 ASV incorporates a pressure regulation algorithm to achieve the optimal VT. This optimal RR-VT combination gives the desired minute ventilation. As compared to a "simple" dual mode, the VT-targeted, pressure regulation loop of ASV is only one piece in a more sophisticated system, also including an RR regulation system, an MV guarantee, and safety rules based on the breath-to-breath evaluation of the patient's RCEXP. Each part makes this mode different from a simple dual mode like APV and volume support ventilation. [1] [2] [3] 23 One important feature is the possibility for ASV to track the changes in respiratory mechanics through repeated measurements of the expiratory time constant. Although we did not record time constant during the experiment, we found a decrease in dynamic compliance associated with RR increase (table 2). According to the ASV algorithm, a decrease in compliance is followed APV ϭ adaptive pressure ventilation; ASV ϭ adaptive support ventilation; ⌬PDI ϭ transdiaphragmatic pressure; ⌬PES ϭ esophageal pressure; MANOVA ϭ multiple analysis of variance; PSV ϭ pressure support ventilation; PTPDI ϭ transdiaphragmatic pressure-time product; PTPES ϭ esophageal pressure-time product; WOB ϭ work of breathing.
by a decrease in the targeted VT and eventually by the level of pressure support. In parallel, added heat and moisture exchanger induced most probably an increase in airway resistances; according to the ASV algorithm, an increase in airway resistances is followed by an increase in the targeted VT and eventually by the level of pressure support. The net effect is likely to be a minor or no change in the targeted VT and subsequently on the level of support. This was confirmed by recalculating the ASV targeted VT according to the Otis equation. 6 For example, with a compliance of 68 ml/cm H 2 O (table 2) and a resistance of 5 cm H 2 O · l Ϫ1 · s Ϫ1 in dead space on, the targeted VT was 500 ml. With a compliance of 61 ml/cm H 2 O as observed in dead space on (table 2) and a resistance of 6 cm H 2 O · l Ϫ1 · s Ϫ1 , the targeted VT was the same, i.e., 500 ml. Therefore it seems that the similar delivered pressure in PSV and ASV resulted from a very different behavior, and a complex heat and moisture exchanger-induced modification in respiratory mechanics explains the lack of change of support level with ASV.
In ASV, minimum minute ventilation is the only specific setting that must be chosen by the clinician, and it is based on patient's body weight. That is why we choose in the current study to match the three modes to deliver at baseline a ventilatory assist to obtain the same minute ventilation. Moreover, in the present study, during each setting, ventilatory demand was increased by adding dead space without ventilator readjustment. Particularly, the PEEP of 5 cm H 2 O remained constant throughout the six study periods. We speculate that this low level, as often applied in this kind of patients, did not influence the results.
ASV has been shown able to reduce the duration of weaning in postcardiac surgery patients. 21 In such relatively easy-to-wean patients, respiratory muscles are often able to overcome an increase in the respiratory demand. Conversely, in intensive care unit patients after prolonged mechanical ventilation, i.e., more than 3 days, the weaning phase might be associated with an imbalance between respiratory muscle capacity and load. In such patients, a preliminary investigation showed that ASV was able to provide similar support at rest compared to a synchronized intermittent mandatory ventilation plus PSV mode of ventilation. 11 Weiler et al. 24 have shown that ASV adapted much better than controlled mechanical ventilation to maintain alveolar ventilation in response to changes in respiratory system compliance induced by lateral positioning during renal surgery. The same authors 22 evaluated the ASV response upon switching from 2-lung to 1-lung ventilation during thoracic surgery. The ASV algorithm maintained a safe VT and preserved minute ventilation as lung volume and compliance were altered. These studies 1, 9, 22, 24 demonstrate the feasibility of allowing the ventilator to automatically select ventilation variables and to make changes in response to patient effort and lung mechanics, but they do not evidence that ASV is superior to other ventilation modes, which need further investigations.
Adaptive Pressure Ventilation
In ASV and APV, the patient VT is adjusted to a target VT through PINSP regulation. In ASV and APV, changing the patient VT affects the RR and eventually the time constant. As the time constant is changing, the target VT is changing in ASV and not in APV, where the target VT is set by the user. Therefore the main difference between ASV and APV regarding VT is that the target is fixed and set by the user in APV as compared to variable and depending on the time constant in ASV. As previously reported, 2 in a simple dual mode like APV or volume support ventilation, which are volume-guaranteed pressure-control modes, an increase in ventilatory demand leads to a decrease in pressure support. A simple volume-guaranteed pressure-control mode may conceivably result in respiratory distress in clinical settings as observed in 3 of the 14 included patients in the current study and 2 of the 10 evaluated patients in our previous study 2 a few minutes after adding dead space and using a simple dual-mode. The results obtained in the current study for the ventilator behavior when ventilatory demand was artificially increased in APV confirmed those reported in our previous study with volume support ventilation in terms of a decrease of pressure support and the proportion of inspiratory effort increase (tables 2 and 4, fig. 2 ). However, some differences in breathing pattern exist regarding patient response during PSV between the two studies; they are probably explained mainly by the expiratory trigger setting. The impact of the expiratory trigger setting on patient-ventilator interaction was emphasized recently in several studies both in PSV 11, [25] [26] [27] and in volume-guaranteed pressure-control mode such as volume support ventilation. 28 In the current study performed with the Galileo ventilator (Hamilton), the expiratory trigger sensitivity was adjusted at 50% of the inspiratory peak flow; in our previous study, 2 it was fixed at 5% on the Servo 300 (Maquet, Lund, Sweden). Indeed, with the Servo 300 ventilator, dead space increase induced no significant increase in RR (24.8 Ϯ 6.6 to 25.9 Ϯ 6.6 c/min, P ϭ 0.31) and a significant increase in VT (479 Ϯ 116 to 532 Ϯ 164 ml, P ϭ 0.01); the current study, the addition of dead space induced a significant increase in RR (20.1 Ϯ 3.2 to 24.7 Ϯ 4.8 c/min, P ϭ 0.02) and no significant change in VT (549 Ϯ 153 to 556 Ϯ 146 ml, P ϭ 0.52). Such a response has been previously described in a study by Ranieri et al. comparing PSV to proportional assist ventilation. 24 Elsewhere, inspiratory time was moderately longer during the APV condition in comparison to ASV and PSV modes. It may be explained by the fact that he expiratory trigger sensitivity (breath termination cycle) in APV in half of the patients was set at 25% and not 50% like in ASV and PSV. Longer inspiratory time means more support, 29 but with conflicting results on the energetic indexes (table 4) depending on how much the patient is synchronized with the ventilator. In any case, we don't believe the higher baseline inspiratory time should invalidate the change in the level of support observed with APV. The current study was designed to compare changes induced by added dead space and not the absolute baseline values. The mean changes in energetic indexes was much higher in APV (ϩ163%) as compared to ASV (111%) and PSV (103%) (table 4) . Moreover, from a physiologic point of view, APV is depending only on respiratory muscles output; the more the muscles are able to generate a VT and the less support given by the ventilator. ASV is depending on the respiratory muscles output as well, but it takes also into account the change in respiratory mechanics (by changing the target). Basically in clinical condition, changes in respiratory muscle output are very often associated with change in respiratory mechanics. From a practical point of view, ASV offers more by automatically switching from pressure-controlled breath to pressuresupport breath as soon as the patient is able to trigger the breath (and back to pressure-controlled if for any reason the patient stops triggering the breath) and by a set a dynamic safety rules that limits dynamic hyperinflation and volo/barotrauma. The current study was obviously not designed to evidence these aspects (already published in postoperative cardiac surgery patients 21 ), but to respond to a specific question on how ASV was behaving in cases of increase respiratory demand as compared to PSV and APV.
Future Directions
A recently published International Consensus Conference on weaning 30 indicates that ASV may be seen as closed loop ventilation that needs further investigation to help patients weaning from the mechanical ventilator. In this context, it is reassuring to find that ASV did not react poorly with an increase in demand, in contrast to other dual-modes.
One limitation of the current physiologic trial is that we only studied a homogeneous group of patients (mainly postoperative acute respiratory failure), and it would be interesting to evaluate ASV and APV mode in more patients with different pathologies, such as chronic obstructive pulmonary disease and/or obese patients through observational and/or therapeutic studies. It might also be interesting to compare ASV with the Smart Care system, 31 a closed-loop knowledge-based algorithm introduced in an Evita XL (Drager, Lübeck, Germany) ventilator to act as a computer-driven weaning protocol that can reduce mechanical ventilation duration and intensive care unit length of stay when compared to a physician-controlled weaning process. 32 In conclusion, our findings show that ASV and PSV, which have different working principles, behaved differently but ended up with similar delivered inspiratory pressures facing acute changes in ventilatory demand, by contrast to APV (a simple volume-guaranteed pressurecontrol mode) in which an increase in ventilatory demand results in a decrease in the pressure support provided by the ventilator, opposite from the desired response. The observation of unchanged inspiratory pressure with ASV is probably explained by opposite effects of minute ventilation and respiratory mechanics on the target.
